The Atlantic meridional overturning circulation affects the latitudinal distribution of heat, and is a key component of the climate system. Proxy reconstructions, based on sedimentary 231 Pa/
AMOC are Heinrich stadial 1 from approximately 16.8 to 14.6 kyr before present (bp, before the year 1950 ad) 18 , the Younger Dryas stadial from approximately 12.8 to 11.6 kyr bp (ref. 19 ) and the 8.2 kyr event 20 . In this study, we present a numerical reconstruction scheme to infer the past evolution of the AMOC strength on centennial to glacial-interglacial timescales. The scheme is based on earlier work 21 that proposes that ocean temperature anomalies at any location (i), T i oc , can be approximated by a linear combination of anomalies of global mean air temperature (T atm ), AMOC (Ψ AMOC ) and Southern Ocean meridional overturning circulation (SOMOC) strength. The strength of the circulation is defined by the maximum of the meridional overturning stream function. In this study we focus on the surface Atlantic, where the effect of the SOMOC can be neglected 21 . Hence, we can linearly approximate the time evolution of the surface temperature pattern T i oc (t ) as
The relationships between Atlantic sea surface temperature (SST), air temperature and AMOC are the result of ocean dynamics, and we determine coefficients (a i Tatm and a i AMOC ) describing the postulated linear relationships using a global climate model, subject to a combination of forcings (see Methods). Global mean air temperature time series can be determined from air temperature reconstructions from Antarctic ice cores 22 and SST time series reconstructions are available from several marine sediment cores. Hence, equation (1) can be solved for Ψ AMOC . When several SST records are incorporated into the reconstruction, a least-squares solution can be calculated:
where w i is the weight of location i and is determined by the least-squares solver. The simplicity of our assumption requires thorough testing of the reconstruction method. This is accomplished by hindcasting the AMOC strength of two model simulations from two independent climate models. In addition, the coefficients of the reconstruction scheme are calculated by two independent models ( Fig. 1) : by an ensemble of simulations performed with the Bern3D Earth System Model of intermediate complexity (hereafter B3D; Supplementary Fig. S2 and Table S3 ), and by a transient deglaciation simulation performed using the LOVECLIM Figure 1 | Overview of the performed AMOC hindcasts and reconstructions. The colour of the arrows indicates the order of appearance within the paper (going from light to dark shading). The centre column indicates which models are used to calculate the coefficients of the reconstruction scheme. For example, coefficients determined from the Bern3D model are used to hindcast AMOC in LOVECLIM and NCAR models for verification with the directly simulated AMOC in these models, and to reconstruct AMOC from palaeoclimate records.
Earth System Model of intermediate complexity 23 (hereafter LVC; Supplementary Fig. S4 and Table S4 ). In both cases, a broad range of climate states is generated in response to various freshwater and CO 2 forcings that alter the AMOC, SST and global mean air temperature, respectively. Using the coefficients derived from the B3D and the LVC sensitivity experiments, AMOC hindcasts are calculated for the LVC simulation, and for a freshwater forcing simulation conducted with the National Center for Atmospheric Research (NCAR) CSM1.4 coupled atmosphere-ocean general circulation model 24 (hereafter CSM; Supplementary Information and Fig. S5 ).
For the AMOC hindcasts, we substitute the real world by one of the model simulations and reconstruct the AMOC evolution on the basis of our method using simulated SST time series from several Atlantic locations as well as global mean air temperature time series. The reconstructed AMOC evolution can then be compared to the temporal evolution of the true model AMOC. For both AMOC hindcasts, 14 model SST time series of the Atlantic Ocean are used ( Supplementary Fig. S1 ). The locations of the time series correspond to locations where real SST reconstructions of the last deglaciation are available with an average resolution of at least 500 years (Supplementary Table S1 ). These SST records will be used later for the reconstruction of the deglacial AMOC variability.
As a first test, an AMOC hindcast of the LVC simulation is calculated, where the reconstruction scheme coefficients are also determined from the LVC simulation (Fig. 2a) . The hindcast correlates well with the modelled AMOC (R = 0.97) and the relative standard deviation of s rel = 1.03 is close to the optimum value of 1 (s rel is defined as the standard deviation of the hindcast AMOC divided by the standard deviation of the modelled AMOC). The LVC hindcast is also successful when coefficients determined from the B3D simulations are used (R = 0.97, s rel = 0.85; Fig. 2a ). The largest discrepancy between hindcast and model AMOC appears during the Bølling between 15 and 14 kyr bp, where the AMOC peak of the model is not captured by the hindcast. The peak would be better captured if SSTs from the central North Atlantic (at approximately 50
• N, 35
• W) were incorporated into the hindcast ( Supplementary Fig. S6 ). Unfortunately, at present there are no palaeo-SST reconstructions available from this region and hence we have not included this region in our analysis.
The weights that the least-squares solver assigns to the individual SST locations determines the relative contributions of the individual SST time series to the AMOC hindcast. The smaller the weight, the less sensitive the temperature at the particular location is to changes of AMOC strength. The six northeastern Atlantic SST time series together have the largest influence on the hindcasts and account for a cumulative weight of about 90% (see Supplementary Table S5 for a list of the weights).
Next, the AMOC of the CSM model is hindcast (Fig. 2b) . The atmospheric component of this model is considerably more complex than LVC. Again, both hindcasts calculated using LVC and B3D coefficients are very similar and compare well to the CSM model AMOC (for LVC coefficients: R = 0.98, s rel = 1.12; for B3D coefficients: R = 0.97, s rel = 0.96).
The hindcasts of the LVC deglaciation simulation and of the CSM freshwater forcing simulation emphasize the robustness of the AMOC reconstruction method. In the following, we apply the method to Atlantic SST reconstructions from marine sediment Table S1 ) as well as global mean air temperature, which is determined from the Antarctic air temperature reconstruction from the EPICA Dome C Antarctic ice core 25 by applying a polar amplification factor and low-pass filtering the data to remove local-to hemispheric-scale variability. Blue line and green uncertainty band: reconstruction using the coefficients calculated from Bern3D. Red line and grey uncertainty band: reconstruction using the coefficients calculated from the LOVECLIM model. cores to estimate the AMOC anomalies of the last deglaciation. One of the 14 SST records goes back only to 19 kyr bp. We do not use this record for the AMOC reconstruction to extend the reconstruction back to the Last Glacial Maximum (LGM). Owing to the small weight of this location, this has little impact on the result. The SST data are splined using a cutoff period of τ cut = 1,000 years. As there is no direct proxy for global mean air temperature, it is determined from the Antarctic air temperature reconstruction from the EPICA Dome C ice core 25 by low-pass filtering the data using a cutoff period of 10 kyr to remove local-to hemispheric-scale variability (such as the Antarctic Cold Reversal) and by applying a polar amplification factor of 2 that is determined from comprehensive global atmosphere-ocean general circulation models from the Paleoclimate Modelling Intercomparison Projects PMIP-1 and PMIP-2 (ref. 22) .
Two AMOC reconstructions are presented: one using coefficients calculated from the B3D simulation, and one using coefficients calculated from the LVC simulation (Fig. 3) . The 1σ -uncertainty band of the AMOC reconstruction follows from Gaussian uncertainty propagation of the individual uncertainties (Supplementary Information). These are the uncertainties of the SST reconstructions (Supplementary Table S1 ) and the air temperature reconstruction (±1.5
• C), the uncertainties of the age scales of the individual temperature reconstructions (±500 yr for the last deglaciation), and the uncertainties of the coefficients of the reconstruction scheme. The uncertainty band is calculated separately for the reconstruction using the B3D coefficients and for the reconstruction using the LVC coefficients. An AMOC hindcast of the NCAR CSM1.4 simulation is calculated on the basis of SST time series of every LOVECLIM surface Atlantic model cell and by using reconstruction scheme coefficients determined from the LOVECLIM model. w i /a i AMOC is the spatial fingerprint of the AMOC (equation (3)). It determines the influence of every location i on the AMOC hindcast. The larger the absolute values (the darker the colours), the larger the influence of the location on the AMOC hindcast.
The two reconstructions are very similar (Fig. 3) . The AMOC 2. However, our reconstruction suggests a stronger reduction of the AMOC during the Younger Dryas. Furthermore, the LGM-to-Holocene AMOC difference is less prominent in our reconstruction than in the 231 Pa/ 230 Th data. We can use our method to determine locations for SST records that would be most effective for an AMOC reconstruction. Equation (2) can be rearranged to
where
Tatm /a i AMOC ), and w i /a i AMOC is the spatial fingerprint of the AMOC. It determines the influence of every location (i) on the AMOC hindcast. To assess these fingerprints, we calculated an AMOC hindcast of the CSM simulation on the basis of SST time series of every LVC surface Atlantic model cell and by using reconstruction scheme coefficients determined from the LVC model (Fig. 4) . Not surprisingly, the result is a bipolar seesaw pattern with the largest fingerprints in the northeast Atlantic.
Our AMOC reconstruction method can also be applied on longer timescales to reconstruct the AMOC over multiple glacial-interglacial cycles. However, a substantially larger agescale uncertainty must be applied when radiocarbon dating is not available. Furthermore, changes of other large-scale circulations can potentially be reconstructed such as the SOMOC. In this case, deep ocean temperature time series reconstructions would be suitable candidates for the reconstruction. If deep ocean temperature reconstructions are included, then time lags between changes in air temperature, ocean circulation and ocean temperatures need to be allowed for in equation (1) 27 . However, both SOMOC and North Pacific meridional overturning circulation reconstructions would require further ocean temperature time series reconstructions at locations that are sensitive to these circulation changes.
Methods
Methodology. The reconstruction of the AMOC strength is based on the assumption that on centennial to glacial-interglacial timescales, SST anomalies (T i oc ) at any location in the Atlantic i can be approximated by a linear combination of global mean air temperature anomalies (T atm ) and AMOC strength anomalies (Ψ AMOC ):
We define the AMOC strength as the maximum of the Atlantic meridional overturning stream function. Anomalies are defined as T This approximation is supported by a recent study 28 in which a principal component analysis of globally distributed palaeo-records of temperature revealed that 61% of the climate variability of the last deglaciation can be explained by a globally near-uniform pattern that is strongly correlated to the atmospheric CO 2 change (representing global mean T atm ), and 11% can be explained by the bipolar seesaw pattern between the hemispheres 16 that resembles the millennial-scale variability of the AMOC.
In this reconstruction scheme we also assume that coupled climate models are able to provide a reasonable physical relationship between changes of AMOC, air temperatures and ocean temperatures. Accepting these assumptions, then the coefficients of the reconstruction scheme, a Supplementary Fig. S3 for examples) . In this study, these coefficients are determined by an ensemble of 80 simulations performed with the B3D model, and by a deglaciation simulation using the LVC model 23 (Supplementary Information). T atm is ideally global mean air temperature, because AMOC changes hardly affect global mean temperatures. Global mean T atm captures temperature changes induced by changes of greenhouse gases and surface albedo. Unfortunately, so far there is no direct palaeoclimate proxy of global mean air temperature. It is therefore determined from an Antarctic air temperature reconstruction as described in the main text. Alternatively to global mean air temperatures, Antarctic air temperatures could be used, because T atm does not necessarily need to be independent of variations in AMOC (Supplementary Fig. S7 ). It is important that in this case also Antarctic air temperatures are used for the determination of the coefficients of the reconstruction scheme. However, a prerequisite for this is that the polar amplification must be realistically represented in the model where the coefficients are determined. Furthermore, Antarctic air temperatures may additionally be influenced by quantities other than the AMOC, which can lead to a systematic bias of the AMOC reconstruction. Supplementary Fig. S8) .
Reconstructions of sea surface and air temperatures are generally not equally spaced in time. Hence, the time series are splined using a cutoff period of τ cut years 29 . τ cut must be chosen appropriately depending on the resolution of the selected atmosphere and SST time series. A smaller τ cut will result in a better-resolved Ψ AMOC reconstruction.
The sensitivity of SSTs to changes in Ψ AMOC depends on the location. Some locations are not, or only weakly sensitive to changes in Ψ AMOC . At these locations, a AMOC is close to zero. This may lead to large uncertainties in the AMOC reconstruction, because in this case equation (2) approaches singularity. However, as long as the suite of T i oc time series includes data at locations that are sensitive to circulation changes, the least-squares solution of the system of equations will assign very small weights to the time series that are only weakly sensitive to AMOC.
Data. SST and air temperature data used in the reconstruction (Supplementary  Table S1 ) were obtained at http://www.pangaea.de, http://www.ncdc.noaa.gov/ paleo, or by personal communication. See Supplementary Table S2 for specific links.
